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A B S T R A C T   

The human cell cycle is a tightly regulated process with checkpoints in place to ensure genomic integrity. Cyclin/ 
cyclin dependent kinases (CDKs) complexes drive the progression of the cell cycle while CDK-inhibitors (CDKIs) 
halt the cell cycle. Deregulation of the cell cycle is a hallmark of lung cancer. TP53 and FOXO transcription 
factors share similar mechanisms in the regulation of the cell cycle. Lung carcinogenesis in the antiretroviral 
(ARV) era remains to be understood. This study aimed at mapping the biological pathways related to the human 
cell cycle that are influenced by the ARVs (Efavirenz-EFV and Lopinavir/ritonavir-LPV/r) treatment in A549 and 
MRC-5 lung cells. For this purpose, Reactome database was used to map these pathways. In addition, the 
Database for Annotation, Visualisation and Integrated Discovery (DAVID) was used for functional enrichment 
analysis in a set of genes and to visualise differentially expressed genes within a particular KEGG pathway, and 
also to perform Gene Ontology. Furthermore, the Search Tool for the Retrieval of Interacting Genes/Proteins 
(STRING) database was used to determine the protein-protein interaction of the differentially expressed gene 
(DEG) targets. Reactome analysis revealed a decrease in DNA replication and an increase in response to external 
stimuli and DNA repair genes in both normal and adenocarcinoma lung cancer models. A further increase in 
apoptotic genes is observed in the cancer cells in response to ARV treatment. Interestingly, the FOXO pathway 
was also shown to be upregulated in the test (ARV) groups. KEGG pathway shows a reduction in cyclin/CDK 
activity in ARV treated models. STRING analysis illustrates a direct and strong interaction between DNA damage 
and response (DDR) genes upregulated by ARV exposure. Analysis from all three databases suggests the cytotoxic 
and anti-proliferative effects of EFV and LPV/r on lung cancer.   

1. Introduction 

The human cell cycle is a highly regulated and precise process [1,2]. 
The high fidelity of the cell cycle is achieved by its checkpoints. These 
surveillance mechanisms monitor the cell cycle progression by ensuring 
an interdependency of synthesis (S)-phase and mitosis (M), the integrity 
of the genome and the fidelity of chromosome segregation [3,4]. 
Genomic DNA replication followed by the chromosomal segregation 
into daughter cells make up the cell cycle. The S-phase replicates DNA 
and M-phase separates chromosomes. The periods between the two 
phases are known as the gap phases (G1 and G2) [2]. Cells can tempo
rarily exit the cell cycle and enter a quiescent phase known as G0. 
Alternatively, cells can terminally differentiate into cells that will cease 

to divide but undergo morphological development to carry out a variety 
of specialized functions of individual tissues [2,5]. 

The cell cycle is positively regulated, thereby driving its progression 
and negatively regulated, halting the events of this process [6,7]. The 
cyclin/CDK complexes drive the cell cycle. On the other hand, the 
CDK-inhibitors (CDKIs) inhibit the activity of CDKs when the DNA 
damage checkpoints are activated. As a result, the phosphorylated CDKs 
remain inactive and are unable to bind cyclins [8,9]. Failure to properly 
repair the damaged DNA through DNA damage response pathways 
(DDR) or direct the cell to programmed cell death (PCD)/apoptosis may 
lead to pathologic conditions such as cancer (Guarino et al., 2020; 
[10–13].). In addition, TP53 and FOXO transcription factors indepen
dently induce the transcription of genes involved in cell cycle arrest 
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[14]. This cell cycle arrest coordinated by the checkpoints provides cells 
an opportunity to repair the damage prior to cell division. In so doing, 
the transmission of genetic errors to daughter cells is prevented [10,14]. 
Furthermore, cell cycle arrest allows cells an opportunity to recover 
from the damaged DNA and survive, thus preventing premature and 
unnecessary cell death, which can also be pathologic as genomic DNA is 
constantly facing both intrinsic and extrinsic damaging effects [5,15]. 
Failure to properly regulate the cell cycle is a hallmark of cancer, 
including lung cancer [16]. Lung cancer is a leading cause of morbidity 
in both the HIV negative and HIV positive populations [17]. Further
more, non-small cell lung carcinoma (NSCLC) accounts for >80% of the 
cases, adenocarcinoma is the most common type [18]. Since the advent 
of combination antiretroviral therapy (cART) also known as the highly 
active antiretroviral therapy (HAART), the quality of life for HIV posi
tive people has improved. On the contrary, HIV/AIDS co-morbidities 
such as lung cancer have been reported to be on the rise [19,20]. In 
the present HAART era, very little is known about the presentation of 
lung cancer in HIV-infected individuals [17]. This highlights the 
importance of research on lung cancer in HIV and treatment. The po
tential regulatory role of ARVs on lung cancer and cell cycle has not yet 
been explored. Thus, this study aimed at determining the role of two 
ARV drugs (efavirenz-EFV and lopinavir/ritonavir-LPV/r) which form 
part of HAART, in the regulation of the human cell cycle. For this pur
pose, in silico bioinformatics analysis was employed to map the biolog
ical pathways, perform Gene Ontology (GO) analysis and determine 
gene/gene or protein/protein interactions in response to ARV treatment. 
EFV and LPV/r may activate/repress pathways related to the cell cycle, 
altering the balance between cell death and cell proliferation. 

2. Materials and methods 

Primary lung fibroblasts (MRC-5) and adenocarcinoma lung cells 
(A549) were treated with clinical plasma doses of 13 μM EFV and 32 μM 
LPV/r for 48hrs as previously described in Marima et al., [21]. Briefly, 
the lung MRC-5 (ATCC CCL171) and A549, (ATCC CCL185) were ob
tained from the American Type Culture Collection (ATCC). MRC-5 and 
A549 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, 
Life Technologies, ThermoFischer) supplemented with 10% 
heat-inactivated fetal bovine serum (FBS) (MilliporeSigma) and 1% 
penicillin and streptomycin (GIBCO, ThermoFischer). Cells were 
cultured in 25 cm2 cell culture flasks (Corning) and were kept in a CO2 
incubator at 37 ◦C in a humidified atmosphere with 5% CO2 in air. For 
experimental purposes, cells cultured to an exponential growth phase (at 
approximately 70% confluency) were used. Cells were then 
serum-starved for 24hrs to synchronise the cell cycle. The following day, 
the cells were pharmacologically treated with either 13 μM EFV or with 
32 μM LPV/r for 48hrs. Control cells were exposed to growth medium 
and vehicle only (methanol 0.1% v/v). 

The differential gene expression gene (DEG) patterns were calculated 
using Qiagen web-portal (geneglobe.qiagen.com) and expressed as fold 
changes. The ±2 and p < 0.05 were considered significant for the DEGs. 
Three bioinformatics tools, Reactome database v72, DAVID database 
v6.8 and STRING database v11.0 were used to map the biological 
pathways, determine functional enrichment and protein/protein inter
action in response to ARV treatment. The human cell cycle PCR array 
(96-well format; PAHS-020Z, Qiagen, Table 1) was used. Rows A to G 
(1–84) genes are cell cycle related, while the H row exclusively refers to 
controls including trademark controls, for quality assurance of this 
assay. 

2.1. Reactome database v72 

Reactome database https://reactome.org/version 72 was used to 
map the biological pathways in the test (ARV treated) and control (non- 
ARV treated) groups. The analysis tool was selected for data analysis. A 
list of GenBank accession numbers of differentially expressed genes of Ta
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Fig. 1. The Reactome map illustration of biological/molecular pathways influenced by the identified gene targets in response to ARV drug (A-EFV and B-LPV/r) 
treatment. Change in gene expression (GE) patterns of the targets was compared between ARV treated and control groups. Change in GE patterns is represented 
between four pathways related to the cell cycle: Cellular response to external stimuli, DNA repair, programmed cell death (PCD)/apoptosis and DNA replication. In 
response to ARV drug treatment, the DNA repair genes are up-regulated in both normal and cancerous cells, extending to the activation of apoptosis genes in the 
A549 cells, while a decline in DNA replication is observed in ARV-treated groups. 

R. Marima et al.                                                                                                                                                                                                                                
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the test and control groups was uploaded. The human identifiers and 
IntAct interactors functions were selected to increase the analysis 
background. The genome wide overview was created by an over
representation analysis. This is a statistical (hypergeometric distribu
tion) test that determines whether certain Reactome pathways are over- 

represented (enriched) in the submitted data. This test produces a 
probability score, which is corrected for false discovery rate (FDR) using 
the Benjamani-Hochberg method, i.e a binomial test is used to calculate 
the probability shown for each result, and the p-values are corrected for 
the multiple testing (Benjamini–Hochberg procedure) that arises from 

Fig. 2. DEGs in the most significant pathways in control and test groups. This is a representation of the up and downregulated in control (A), and downregulated 
genes (B) and genes and upregulated genes (C) in test groups, with p < 0.001 considered significant. UpR- Upregulated genes; DoR – Down regulated genes. 

R. Marima et al.                                                                                                                                                                                                                                
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Fig. 3. Gene Ontology (GO) analysis of cell cycle related genes in control and ARV treated groups. GO analysis was done to determine the localization of the 
significantly DEGs and their molecular function. A represents localization of the DEGs in the control group, B shows localization of the downregulated while C shows 
for upregulated GE in test groups. D, E and F refer to the molecular function of DEGs in the control group, downregulated GE and upregulated GE in test (ARV) 
groups. UpR- Upregulated genes; DoR – Down regulated genes. 

R. Marima et al.                                                                                                                                                                                                                                
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evaluating the submitted list of identifiers against every pathway. 

2.2. DAVID database v6.8 

The Database for Annotation, Visualisation and Integrated Discovery 
(DAVID) version 6.8 (david.ncifcrf.gov) was used to enhance gene 
functional enrichment. The functional annotation tool was selected for 
data analysis. The gene list was uploaded selecting the GenBank acces
sion numbers identifier. The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway was selected for visualisation. Additionally, Gene 
Ontology (GO) was performed using the DAVID tool. 

2.3. STRING database v11.0 

Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) 
database was used https://string-db.org/to determine the protein- 
protein interaction. A list of GenBank accession numbers of differen
tially expressed genes from the test and control groups was uploaded on 
the STRING database, multiple proteins and homo-sapiens functions 
were selected. The minimum required interaction score was set at the 
medium confidence-0.4. 

The interaction network may be advantageous to represent infor
mation other than lists of genes or pathways, as it describes which genes 
are closely connected within a given pathway. Hence, it has the potential 
to detect more indirect signals, such as local disturbances within known 
pathways, as well as within pathways that may not yet have been 
described [22]. 

3. Results 

3.1. Overview 

Results from all three databases show that the input list of genes 
closely interact, and they are related to the cell cycle focused pathway. A 
general decrease in expression of DNA synthesizing genes and cyclin/ 
CDK complexes in response to ARVs was observed. Upregulation of ki
nase regulators which act as cell cycle negative regulators, CDKIs and 
downstream of FOXO pathway was also seen post ARV treatment. The 
ARV treatment seems to be positively targeting the kinase regulation (i.e 
CDKI), which in turn negatively regulates protein binding (cyclin/CDK) 
interaction. A collective decrease in pathways that promote cell survival 
and proliferation and activation of anti-cell proliferation pathways is 
evident in response to ARV treatment. 

3.2. Reactome 

In this study, Reactome version v72 was used to map and analyse 
biological and molecular pathways related to the cell cycle pathway, 
which may be influenced by the differentially expressed gene targets. 
Within the generated maps, gene expression level corresponds to the 
yellow colour, and the degree of expression correlates with the colour 
intensity, Fig. 1. In addition to the genome wide overview (Fig. 1), the 
most significant pathways with p < 0.001 are illustrated, Fig. 2. 

3.2.1. Reactome pathway mapping and genome wide analysis 
This revealed that EFV and LPV/r drug treatment altered the 

expression of the profiled cell cycle related genes, affecting other 
pathways besides the cell cycle. In particular, EFV was shown to activate 
the cellular response to external stimuli genes in MRC-5 cells, DNA 
repair genes in both normal and cancerous cells, while upregulated PCD 
genes and an obvious decline in expression of genes involved in DNA 
replication in A549 cells was observed compared to the control cells 
(Fig. 1A). Inhibiting DNA synthesis is an important therapeutic strategy 
that is widely used to treat a number of hyperproliferative diseases such 
as cancer [23]. Additionally, CDKIs have great potential as anti-cancer 
drugs [1]. EFV could be targeting/upregulating CDKIs, thereby 

regulating or reducing DNA replication, in A549 cells. LPV/r treatment 
results in the reduced expression of DNA replication in both normal and 
cancerous cells, while an increase in genes involved in PCD in the 
cancerous cells was observed (Fig. 1B). In particular, both EFV and 
LPV/r treatment upregulate apoptosis induced by DNA fragmentation as 
well as stimulation of cell death response by p21-activated protein ki
nase 2 (PAK-2p34) in the adenocarcinoma cells. PAK –p34 stimulates 
cell death response in response to stress signals [24,25], while no evi
dence seen here of apoptosis induction by these ARVs in normal primary 
fibroblasts, except for the increase in cellular response to external 
stimuli in these cells. Next, most significant pathways are represented, 
Fig. 2. 

3.2.2. Most significant pathways as revealed GO analysis 
With regards to pathways that are mostly influenced by the ARVs in 

lung cancer cells, the significantly downregulated pathways (Fig. 2B) 
particularly in response to LPV/r in both MRC-5 and A549 cells include 
the resolution of sister chromatid cohesion (this pathway is significantly 
upregulated in the control group, Fig. 2A). This process involves the 
separation of sister chromatids [26]. Observably, the main drivers of the 
cell cycle progression such as cyclin A and B associated events during the 
G2/M transition, cyclin D associated G1 events as well as cyclin A:CDK 2 
associated events at S-phase entry are downregulated (Fig. 2B). Sur
prisingly, the cyclin D G1 associated events pathway is downregulated in 
the control group. Interestingly, the most significantly activated path
ways in response to ARVs include the processing of dsDNA breaks, ho
mologous DNA repair (HDR) through single strand annealing (SSA), 
presynaptic phase of homologous DNA pairing and strand exchange. 
These pathways play a crucial role in the DNA damage and repair 
pathways. Furthermore, the significant upregulation of FOXO-mediated 
transcription of cell cycle genes is evident here (Fig. 2C). The FOXO 
pathway induces the expression of several genes that negatively regulate 
the proliferation of cells [27,28]. 

3.3. DAVID 

The Database for Annotation, Visualisation and Integrated Discovery 
(DAVID) v6.8 was used for functional enrichment analysis in a set of 
genes, to visualise differentially expressed genes within a particular 
KEGG pathway. Furthermore, this database was used for Gene Ontology 
(GO) analysis, Fig. 3. 

3.3.1. Gene Ontology (GO) analysis 
GO was further used to describe the observed patterns from the 

Reactome database. GO describes gene products with three independent 
categories: the cellular component, molecular function and biological 
process [29–31]. A probability level of p < 0.001 was considered sig
nificant. Fig. 3 refers to GO analysis. 

The nucleolus as site of ribosome biogenesis plays a key role in cell 
metabolism. Most of the significantly up-and downregulated genes 
(DEGs) are in the nucleus in both control and test groups. This indicates 
that these DEGs are not mainly involved in the ribosomal RNA biogen
esis, or protein synthesis but rather in mitotic cell division or cell pro
liferation (Fig. 3A, B and C). Furthermore, the molecular function 
analysis of these DEGs in test groups points to the downregulated ac
tivity (p < 0.001) of protein kinase binding in both normal and 
cancerous cells (Fig. 3E), and significantly upregulated activity of kinase 
regulation, Fig. 3F, (this activity is significantly downregulated in the 
control group, Fig. 3D), which mostly functions at the cell cycle 
checkpoints (Fig. 3D), thereby halting the progression of the cell cycle. 
This is particularly observed in LPV/r treatment in both normal and 
cancerous cells. 

3.3.2. KEGG pathway analysis using DAVID tool 
Within the KEGG representations, the red stars represent the input 

target genes/products; the green boxes represent genes related to the 
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Fig. 4. KEGG pathway analysis of differentially expressed genes between ARV treated and control groups. A and B are a representation of upregulated genes prior to 
ARV exposure and downregulated gene targets in response to ARV treatment. A represents upregulated gene targets in the control group (A549 vs MRC-5), while B 
shows downregulated genes in response to ARV drug group. The EFV and the LPV/r treated groups show similar targeted response. 

R. Marima et al.                                                                                                                                                                                                                                
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cell cycle pathway (Fig. 4), while white boxes denote other pathways 
associated with the cell cycle. A representation of the results in ARV 
treated and non-ARV treated is shown here. 

DAVID analysis identified the change in expression of cell cycle 
regulatory factors such as the cyclin/CDK activity, and the p53 down
stream targets. Even though the p53 tumour suppressor is not supressed 
in the cancer cells, its down-stream effector targets such as p21, 
GADD45A (to arrest growth and possibly repair the damaged DNA) are 
suppressed (Fig. 4A). In response to EFV exposure, ATM/ATR DNA 
damage checkpoints are activated, which in turn activates CHK1 and 2 
in the normal cells; and also noteworthy is the upregulation of the CDK- 
inhibitor p15 (EFV-upregulated DEGs in MRC-5). On the other hand, 
p27/57 is upregulated by the EFV treatment in the A549 cells (EFV- 
upregulated DEGs in A549). Unlike in the control cells with repressed 
CDKI activity (Control-downregulated DEGs), the EFV treatment upre
gulates the CDK-inhibitors in both cancerous and normal cells, even 
though the cyclin (D and H)/CDK are active in normal cells. The acti
vation of the CDKIs could be attributed to the drugs repressing pro
gression of the cell cycle driven by the cyclin/CDK interactions. Similar 
to EFV, LPV/r treatment upregulates the CDKI-p15 which inhibits the 
activity of CDK/cyclin complexes, thereby inhibiting the progression of 
the cell cycle in normal cells (LPV/r-upregulated DEGs in MRC-5), 
Fig. 4B. Similarly, the activation of p16, p21 and p27/57 is observed 
in A549 LPV/r treated cells, leading to the reduced activity of the cyclin/ 
CDK complexes in both normal and cancerous cells (LPV/r-down
regulated in both MRC-5 and A549). Both EFV and LPV/r target the 

activation of growth arrest genes, leading to the reduction in cell-cycle 
progression. 

3.4. STRING analysis 

STRING protein-protein interaction (PPI) analysis of the cell cycle 
genes evaluated here in response to ARV treatment elucidated a series of 
tight interactions. Pivotal factors were identified in relation to the DNA 
damage response and growth arrest including GADD45A, HUS and RAD 
gene products and are illustrated (Fig. 5) and discussed further below. 

The regulatory role of p53 on BRCA1 activity is observed by the 
strong and direct interaction between these two molecules, while 
MAD2L2 is distant from the network. The elevated expression of DNA 
synthesizing genes is also shown here, Fig. 5A. The deregulation of 
CASP3 and RAD genes/proteins and HUS1 suggests the malfunctioning 
of the DNA damage sensors, and the non-functioning of the effector 
CASP3 in the lung adenocarcinoma cells, thereby preventing them from 
undergoing CASP3 mediated apoptosis. Additionally, negative regula
tors of the cell cycle, p15 and p21 are shown to be downregulated in this 
network. The EFV drug treatment upregulates the DNA damage response 
genes in both normal and cancerous cells, while repressing the expres
sion of AURKB and MAD2L2 and cyclin B2-cell division genes in the 
A549 cells. In a similar manner, LPV/r drug exposure stimulates the 
expression of p53 and its downstream targets such as GADD45A (DNA 
damage response gene) in the A549 cells, while suppressing DNA 
replication genes (MCM), the cell division cycle genes CDC20 and 

Fig. 5. STRING PPI network analysis of DEG targets. A demonstrates upregulated gene targets in control cells. B and C show up-and downregulated gene targets in 
ARV treated cells. Observations in EFV and LPV/r treated groups are similar. 
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CDC25. In normal cells, most of the genes maintain a suppressed state, 
even post LPV/r exposure. Fig. 5B and C are a representation of the up 
and down regulated genes in response to ARVs. Overall, the ARV drugs 
stimulated DNA damage response pathways and repressed cell prolif
eration in both normal and cancer cells. 

4. Discussion 

Activated DNA damage sensors and signallers interact subsequent to 
ARV treatment, while these mechanisms remain inactivated in control 
groups. Furthermore, EFV and LPV/r drug treatment altered the 
expression of the profiled cell cycle related genes, affecting other 
pathways besides the cell cycle. In particular, EFV was shown to activate 
the cellular response to external stimuli genes in MRC-5 cells, DNA 
repair genes in both normal and cancerous cells, while upregulated PCD 
genes and an obvious decline in expression of genes involved in DNA 
replication in A549 cells was observed compared to the control cells. 
LPV/r treatment results in the reduced expression of DNA replication in 
both normal and cancerous cells, while an increase in genes involved in 
PCD in the cancerous cells was observed. Reducing/inhibiting DNA 
synthesis is an important therapeutic strategy employed by anti-cancer 
drugs [23]. These findings suggest a regulatory role of EFV and LPV/r 
on the progression of the cell cycle in lung cells. Additionally, FOXO 
transcription factors are critical for the regulation of cell cycle arrest, 
cell death, and DNA damage repair. Target genes that mediate FOXO 
induced cell cycle arrest include the CDK inhibitors p27 and p21 and 
cyclin D [32]. Even though p53 and FOXO mediated transcription share 
similar downstream targets, GO analysis reveals the activation of FOXO 
transcription factors. Furthermore, p27 or p21 targeted cyclin D G1 
events tends to prolong the duration of the G1 phase, thereby delaying 
the S-phase entry and thus DNA replication and cell division [33,34]. 
Although currently these ARV drugs are used in the treatment of 
HIV/AIDS, their role in the regulation of the cell cycle, inducing the 
cycle arrest and activating the FOXO transcription factors and DDR, with 
the goal to reduce cell proliferation is evident here, particularly in the 
A549 adenocarcinoma cells. The anti-proliferative and cytotoxic effects 
of EFV and LPV/r on different cancer cells such as colorectal, pancreatic 
and cervical cancer have been previously reported [35,36]. 

Although there may be further steps to be considered, EFV and LPV/r 
demonstrate unique but also at the same time similar mechanisms, 
whereby they both target similar genes/products affecting cell cycle 
regulation. The recruitment of DNA damage response pathways 
following EFV and LPV/r treatment in both normal and cancer cells 
indicates that these drugs possess anti-tumour/anti-proliferative activ
ity, similar to those demonstrated by chemotherapeutic drugs. In the 
same manner, people living with HIV/AIDS (PLWHA) previously not 
pre-disposed to cancer, particularly lung cancer, may be undergoing 
similar processes, where the administration of EFV and LPV/r impose 
damage to the genome, resulting in the activation of cellular response to 
external stimuli and DNA damage response genes/pathways. Being 
actively induced by consistent and continuous HAART administration, 
these pathways may be dysregulated (possibly due to constant activa
tion), ultimately leading to the malfunctioning of the cell cycle check
points and then tumorigenesis [37,38]. The anti-proliferative and 
cytotoxic effects of ARV drugs is an emerging subject. Nelfinavir (PI), for 
example is in clinical trials as a radiosensitiser in the treatment of NSCLC 
[39]. However, in normal primary cells, the constant activation of DDR 
may eventually exhaust the cells’ repair mechanisms, bypassing cell 
cycle checkpoints and leading to uncontrolled cell proliferation and 
tumorigenesis [40,41]. This however, does not exclude ARVs from being 
explored as anti-cancer drugs, due to their anti-cancer properties. 

5. Limitations 

Even though the doses used in this study reflect the clinical relevant 
doses, and provide a good indication of the events following ARVs 

intake, the duration of cells exposure to these drugs is minimal, as HIV/ 
AIDS patients on HAART are exposed to these drugs over a longer 
period. It would also be interesting to study these ARVs effects on lung 
cells in the presence on the HI-provirus. As A549 represents the 
adenocarcinoma, accounting for many lung cancer cases, the role of 
these ARVs in other lung cancer models, or other types of cancer would 
be interesting to study. 

6. Conclusions 

The targeted mode of cell cycle regulation by these ARVs is sum
marised in Fig. 6. It is clear that these ARVs have a regulatory role on the 
cell cycle, by targeting key regulators of the cell-cycle. The ultimate 
downstream effect of these drugs is to slow down cell proliferation by 
arresting the cell cycle or inducing cell death. 

Fig. 6. The summarised mode of mechanism of ARVs in lung cell regulation. 
The FOXO-mediated transcription factors targeting the kinase regulatory ac
tivity such as p27 and p21 halts the cell cycle progression by targeted protein/ 
kinase/cyclin binding. Depending on the motive of the cell cycle arrest, cell 
death may occur. This ARV’s FOXO mediated transcription reduces cell pro
liferation, a characteristic of anti-cancer drug. This similar mechanism may also 
be observed in p53 cell cycle regulation. 

R. Marima et al.                                                                                                                                                                                                                                



Informatics in Medicine Unlocked 21 (2020) 100426

10

Author contributions 

Rahaba Marima and Clement Penny conceived and designed the 
study. Rahaba Marima performed the experiments. Rahaba Marima and 
Jeyalakshmi Kandhavelu analysed the data. Rahaba Marima, Rodney 
Hull, Jeyalakshmi Kandhavelu, Zodwa Dlamini and Clement Penny 
drafted the manuscript. Jeyalakshmi Kandhavelu, Zodwa Dlamini and 
Clement Penny reviewed and edited the manuscript. All authors read 
and approved the manuscript. 

Funding 

This project was funded by the South African Medical Research 
Council (SAMRC). 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

ACKNOWLEDGEMENT 

The authors would like to thank the South African Medical Research 
Council (SAMRC) for funding this project. 

References 

[1] Bai J, Li Y, Zhang G. Cell cycle regulation and anticancer drug discovery. Canc Biol 
Med 2017;14(4):348–62. https://doi.org/10.20892/j.issn.2095-3941.2017.0033. 

[2] Barnum KJ, O’connell MJ. Cell cycle regulation by checkpoints. Methods Mol Biol 
2014;1170:29–40. 

[3] Sitbon D, Podsypanina K, Yadav T, Almouzni G. Shaping chromatin in the nucleus: 
the bricks and the architects. Cold Spring Harbor Symp Quant Biol 2017;82:1–14. 
https://doi.org/10.1101/sqb.2017.82.033753. 

[4] Noatynska A, Tavernier N, Gotta M, et al. Coordinating cell polarity and cell cycle 
progression: what can we learn from flies and worms? Open Biology 2013;3: 
130083. 

[5] Zubiaga A. Foreword special issue cell cycle and regulation. Genes 2020;11:254. 
2020. 

[6] Fisher D, Krasinska L, Coudreuse D, et al. Phosphorylation network dynamics in the 
control of cell cycle transitions. J Cell Sci 2012;125:4703–11. 

[7] Malumbres M, Barbacid M. Cell cycle, CDKs and cancer: a changing paradigm. Nat 
Rev Canc 2009;9:153–66. 

[8] García-Gutiérrez L, Delgado MD, León J. MYC oncogene contributions to release of 
cell cycle brakes. Genes 2019;10:244. 

[9] Coudreuse D, Nurse P. Driving the cell cycle with a minimal CDK control network. 
Nature 2010;468:1074–9. 

[10] Williams B, Schumacher B. p53 in the DNA-Damage-Repair Process. Cold Spring 
Habor Perspect Med 2016;6:a026070. 

[11] Shiloh Y, Ziv Y. The ATM protein kinase: regulating the cellular response to 
genotoxic stress, and more. Nat Rev Mol Cell Biol 2013;14:197–210. 

[12] Casimiro MC, Crosariol M, Loro E, et al. Cyclins and cell cycle control in cancer and 
disease. Gene Canc 2012;3:649–57. 

[13] Nowsheen S, Yang ES. The intersection between DNA damage response and cell 
death pathways. Exp Oncol 2012;34:243–54. 

[14] Hampp S, Kiessling T, Buechlea K, Mansilla S, Thomale J, Rall M, et al. DNA 
damage tolerance pathway involving DNA polymerase ι and the tumor suppressor 
p53 regulates DNA replication fork progression. Proc Natl Acad Sci Unit States Am 
2016:E4311–9. 

[15] Chatterjee N, Walker G. Mechanisms of DNA damage, repair and mutagenesis. 
Environ Mol Mutagen 2017;58(5):235–63. https://doi.org/10.1002/em.22087. 
2017 June. 

[16] Hanahan D, Weinberg R. Hallmarks of cancer: the next generation 2011;144(5): 
646–74. 

[17] Koegelenberg CF, Van Der Made T, Taljaard JJ, et al. The impact of HIV infection 
on the presentation of lung cancer in South Africa. S Afr Med J 2016;106:666–8. 

[18] Wu LC, Wen ZS, Qiu YT, et al. Largazole arrests cell cycle at G1 phase and triggers 
proteasomal degradation of E2F1 in lung cancer cells. ACS Med Chem Lett 2013;4: 
921–6. 

[19] Corti M. Lung cancer in HIV-seropositive patients. MJ HIV 2016;1(1). 007. 
[20] Rubinstein PG, Aboulafia DM, Zloza A. Malignancies in HIV/AIDS: from 

epidemiology to therapeutic challenges. AIDS 2014;28:453–65. 
[21] Marima R, Hull R, Dlamini Z, Penny C. Efavirenz and lopinavir/ritonavir alter cell 

cycle regulation in lung cancer. Front Oncol 2020;10:1693. https://doi.org/ 
10.3389/fonc.2020.01693. 

[22] Nacu S, Critchley-Thorne R, Lee P, Holmes S. Gene expression network analysis 
and applications to immunology. Bioinformatics 2007;23(7):850–8. 

[23] Berdis AJ. Inhibiting DNA polymerases as a therapeutic intervention against 
cancer. Front Mol Biosci 2017;4:78. https://doi.org/10.3389/fmolb.2017.00078. 
2017. 

[24] Campell H, Salvi A, O’Brien T, Superfine R, DeMAli K. PAK2 links cell survival to 
mechanotransduction and metabolism. J Cell Biol 2019;218(6):1958–71. 

[25] Marlin Marlin JW, Chang YW, Ober M, Handy A, Xu W, Jakobi R. Functional PAK-2 
knockout and replacement with a caspase cleavage-deficient mutant in mice 
reveals differential requirements of full-length PAK-2 and caspase-activated PAK- 
2p34. Mamm Genome 2011;22(5–6):306–17. https://doi.org/10.1007/s00335- 
011-9326-6. 

[26] Hauf S, Waizenegger IC, Peters JM. Cohesin cleavage by separate required for 
anaphase and cytokinesis in human cells. Science 2001;293(5533):1320–3. 
https://doi.org/10.1126/science.1061376. 

[27] Li A, Wang J, Wu M, Zhang X, Zhang H. The inhibition of activated hepatic stellate 
cells proliferation by arctigenin through G0/G1 phase cell cycle arrest: persistent 
p27Kip1 induction by interfering with PI3K/Akt/FOXO3a signaling pathway. Eur J 
Pharmacol 2015;747(15):71–87. 

[28] Bakker W, Blazquez-Domingo M, Kolbus A, Besooyen J, Steinlein P, Beug H, et al. 
FoxO3a regulates erythroid differentiation and induces BTG1, an activator of 
protein arginine methyl transferase 1. J Cell Biol 2004;164:175–84. 2004. 

[29] Han R, Rai A, Nakamura M, Suzuki H, Takahashi H, Yamazak M, et al. Chapter two 
- de novo deep transcriptome analysis of medicinal plants for gene discovery in 
biosynthesis of plant natural products. Methods Enzymol 2016;576:19–45. 

[30] The Gene Ontology Consortium. The gene Ontology project in 2008. Database issue 
Nucleic Acids Res January 2008;36:D440–4. https://doi.org/10.1093/nar/ 
gkm883. PMC 2238979. PMID 17984083. 

[31] Ashburner M, Ball C, Blake J, et al. Gene Ontology: tool for the unification of 
biology. Nat Genet 2000;25:25–9. https://doi.org/10.1038/75556. 

[32] Zhang Y, Xing Y, Zhang L, Mei Y, Yamamoto K, Mak T, et al. Regulation of cell 
cycle progression by forkhead transcription factor FOXO3 through its binding 
partner DNA replication factor Cdt1. Proc Natl Acad Sci Unit States Am 2012;109 
(15):5717–22. 

[33] Dong P, Zhang C, Parker B-T, You L, Mathey-Prevot B. Cyclin D/CDK4/6 activity 
controls G1 length in mammalian cells. PloS One 2018;13(1):e0185637. https:// 
doi.org/10.1371/journal.pone.0185637. 

[34] You H, Mak T. Crosstalk between p53 and FOXO transcription factors. Cell Cycle 
2005;4(1):37–8. 

[35] Hecht M, Harrer T, Büttner M, Schwegler M, Erber S, Fietkau R, et al. Cytotoxic 
effect of efavirenz is selective against cancer cells and associated with the 
cannabinoid system. AIDS 2013;27:2031–40. 

[36] Xulu KR, Hosie MJ. HAART induces cell death 663 in a cervical cancer cell line, 
HCS-2: a scanning electron microscopy study. J Microsc Ultra 2017;5:39–48. 

[37] Derenzini E, Agostinelli C, Imbrogno E, Iacobucci I, Casadei B, Brighenti E. 
Constitutive activation of the DNA damage response pathway as a novel 
therapeutic target in diffuse large B-cell lymphoma. Oncotarget 2015;6(9): 
6553–69. 

[38] Halazonetis TD, Gorgoulis VG, Bartek J. An oncogene induced DNA damage model 
for cancer development. Science 2008;319:1352–5. 

[39] Rengan R, Mick R, Pryma DA, Lin LL, Christodouleas J, Plastaras JP, et al. Clinical 
outcomes of the HIV protease inhibitor nelfinavir with concurrent 
chemoradiotherapy for unresectable stage IIIA/IIIB non-small cell lung cancer: a 
phase 1/2 trial. JAMA Oncol 2019;5:1464–72. https://doi.org/10.1001/ 
jamaoncol.2019.2095. 

[40] Khanna A. DNA damage in cancer therapeutics: a boon or a curse? Canc 588 Res 
2015;75:2133–8. 2015. 

[41] Jackson SP, Bartek J. The DNA-damage response in human biology and disease. 
Nature 2009;461(7267):1071–8. https://doi.org/10.1038/nature08467. 

R. Marima et al.                                                                                                                                                                                                                                

https://doi.org/10.20892/j.issn.2095-3941.2017.0033
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref2
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref2
https://doi.org/10.1101/sqb.2017.82.033753
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref4
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref4
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref4
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref5
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref5
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref6
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref6
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref7
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref7
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref8
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref8
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref9
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref9
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref10
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref10
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref11
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref11
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref12
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref12
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref13
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref13
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref14
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref14
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref14
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref14
https://doi.org/10.1002/em.22087
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref16
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref16
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref17
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref17
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref18
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref18
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref18
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref19
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref20
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref20
https://doi.org/10.3389/fonc.2020.01693
https://doi.org/10.3389/fonc.2020.01693
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref22
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref22
https://doi.org/10.3389/fmolb.2017.00078
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref24
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref24
https://doi.org/10.1007/s00335-011-9326-6
https://doi.org/10.1007/s00335-011-9326-6
https://doi.org/10.1126/science.1061376
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref27
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref27
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref27
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref27
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref28
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref28
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref28
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref29
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref29
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref29
https://doi.org/10.1093/nar/gkm883
https://doi.org/10.1093/nar/gkm883
https://doi.org/10.1038/75556
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref32
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref32
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref32
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref32
https://doi.org/10.1371/journal.pone.0185637
https://doi.org/10.1371/journal.pone.0185637
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref34
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref34
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref35
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref35
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref35
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref36
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref36
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref37
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref37
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref37
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref37
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref38
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref38
https://doi.org/10.1001/jamaoncol.2019.2095
https://doi.org/10.1001/jamaoncol.2019.2095
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref40
http://refhub.elsevier.com/S2352-9148(20)30576-1/sref40
https://doi.org/10.1038/nature08467

	Pathway mapping reveals antiretroviral treatments’ targeted cell cycle regulation in lung cancer
	1 Introduction
	2 Materials and methods
	2.1 Reactome database v72
	2.2 DAVID database v6.8
	2.3 STRING database v11.0

	3 Results
	3.1 Overview
	3.2 Reactome
	3.2.1 Reactome pathway mapping and genome wide analysis
	3.2.2 Most significant pathways as revealed GO analysis

	3.3 DAVID
	3.3.1 Gene Ontology (GO) analysis
	3.3.2 KEGG pathway analysis using DAVID tool

	3.4 STRING analysis

	4 Discussion
	5 Limitations
	6 Conclusions
	Author contributions
	Funding
	Declaration of competing interest
	ACKNOWLEDGEMENT
	References


